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Abstract
In this paper we consider very weakly interacting and ultra light scalar and pseudoscalar
dark matter candidates. We show that quantum gravity has important implications for such
models and that the masses of the singlet scalar and pseudoscalar fields must be heavier than
3 × 10−3 eV. However, if they are gauged, their masses could be much lighter and as light as
10−22 eV. The existence of new gauge forces in the dark matter sector can thus be probed by
atomic clocks or quantum sensors experiments.
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1 Introduction
A strong evidence for physics beyond the standard model of particle physics comes from the ob-
servation that 75% of the matter balance of our universe cannot be accounted for by the standard
model. Some form of non-luminous matter must exist. Despite being the most abundant form of
matter, embarrassingly little is known about dark matter and a wide range of masses and couplings
to the standard model particles are still possible. In this paper, we focus on ultralight and very
weakly coupled scalar and pseudoscalar dark matter models which have recently received a fair
share of attention and for which a large part of the parameter space can now be probed experimen-
tally [1, 2, 4–15,65].
In particular experiments that search for oscillations in the fundamental constants resulting from
the coupling of scalar or pseudoscalar dark matter with the standard model [16–24] have a great
potential of testing such models in the mass range mφ ∈ [10−16, 10−23]eV. The optimal sensitivity
of such experiments typically lies around 10−22 eV, and the bounds on the sensitivity are set by
the fact that the oscillation frequency is proportional to the mass of the scalar field. Masses of the
order mφ ∼ 10−16 eV correspond to oscillation times of the order T ∼ 10 s, while masses of the
order mφ ∼ 10−23 eV correspond to oscillation times of the order T ∼ 10 yr.
In this paper we follow the line of arguments put forward in refs. [25, 26] based on quantum
gravity to put further theoretical bounds on such searches. In particular, we exploit the fact that
dark matter will always couple gravitationally to the standard model. Therefore quantum gravity
will generate effective interactions between the standard model and the hidden sector. This fact
together with current experimental bounds restricts the mass range for such weakly interacting
light particles considerably. While this is the case for singlet scalar fields, we show that this is not
the case if there are new forces in the dark matter sector.
2 Interactions Generated by Quantum Gravity
For any dark matter model we can write the following effective action.
S = SEH +
∫ √
|g| (LSM + LDM + Lint) d4x, (1)
where the standard model Lagrangian and the dark matter sector Lagrangian can be written as
LSM =
∑
i
ciOSM,i, (2)
LDM =
∑
j
cj ODM,j , (3)
where ci, cj are dimensionless Wilson coefficients. Interactions between the standard model particles
and those of the dark matter section can be introduced via a Lagrangian
Lint =
∑
k
ckOint,k, (4)
where again ck are dimensionless Wilson coefficients.
Besides the “particle physics” interactions induced by the operator Oint,k, there will be some
gravitational interaction between the two sectors. Indeed, since both the standard model and the
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hidden sector couple to gravity, gravity will generate operators connecting the two sectors whether
there is an interaction operator Oint,k at tree level or not.
For every OSM,i and ODM,j , perturbative quantum gravity will generate the additional interac-
tions M−4P OSM,iODM,j . We thus have
Lint =
∑
k
ckOint,k +
∑
i,j
ci,j
M4P
OSM,iODM,j , (5)
where MP is the reduced Planck scale, which is the scale of quantum gravity and where ci,j are Wil-
son coefficients of order unity. It is clear from eq. (5) that the interactions generated by perturbative
quantum gravity are suppressed by the reduced Planck scale to the fourth power. Therefore these
interactions are not expected to be measurable in any contemporary or near future experiment.
Hence, perturbative quantum gravity cannot yet provide any constraints to dark matter models.
Non-perturbative quantum gravity, on the other hand, can constrain dark matter models. Using
the same argument, namely that everything couples to gravity as it is universal, one can deduce
that non-perturbative quantum gravity effects could generate effective operators of any dimension.
However any such operator must be suppressed by the scale of quantum gravity as such interactions
must vanish in the limit where MP → ∞, i.e. when gravity decouples. We thus expect quantum
gravity induced effective interactions to be of the form
∑
n≥0
∑
k
c˜n,kOQG,n,k =
∑
n≥0
∑
k
c˜n,k
MnP
OQG,n,k, (6)
where OQG,n has mass-dimension 4 and OQG,n has mass-dimension n+ 4.
As the Wilson coefficients c˜d,k depend on the ultra-violet completion of quantum gravity, one
might be inclined to conclude that no predictions can be made until such a theory is known.
However, experience with effective field theories, see discussion in [25, 26], shows that sensible
predictions on the order of magnitude of the Wilson coefficients can be made. Quite generically,
Wilson coefficients are expected to be of order one, if the scale of the physics generating the
interaction is known and properly normalized. In particular, there is no reason to expect an
exponential suppression as it is sometimes claimed. For example, it has been shown that there is
no exponential suppression in the production of quantum black holes in high energy collisions of
particles [27].
In the case of quantum gravity, it is known that the scale of quantum gravity is dynamical.
Naively, one might expect that the scale is the reduced Planck scale MP = 2.435 × 1018 GeV.
However it is now well understood that the scale at which quantum gravitational interactions
become relevant is MP
√
160pi/N with N = 1/3NS + NF + 4NV where NS , NF and NV are
respectively the number of real scalar fields, Weyl fermions and vector bosons in the model [28–31].
For the standard model, this is very close to the naive reduced Planck scale. Once the suppression
scale for these operators has been properly defined there is no reason to expect a further suppression
via smaller than unity Wilson coefficients. Furthermore, as we are considering non-perturbative
physics, the Wilson coefficients will not be suppressed by loop factors or small coupling constants
to some power. Note that the scale of quantum gravity cannot be larger than the reduced Planck
scale as adding more fields to the theory can only lead to a lower scale of quantum gravity. We
are thus being as conservative as possible by taking the scale of quantum gravity to be the reduced
Planck scale.
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We can now combine the quantum gravitational effective interactions with the non-gravitational
interactions between the standard model and the dark matter sector. These can be written as∑
k
ckOint,k =
∑
n≥0
∑
k
cn,k
Λnn,k
Oint,n,k, (7)
where Λn,k is the energy scale associated with this effective operator. Comparing these two we find
that non-gravitationally induced effective operators between the standard model and the hidden
sector are corrected by gravitationally induced operators. Therefore, excluding all operators of
dimension less than 4, we can write down an interaction Lagrangian of the form
Lint =
∑
n≥0
∑
k
(
cn,k
Λnn,k
+
c˜n,k
MnP
)
Oint,n,k
=
∑
n≥0
∑
k
cn,k
Λnn,k
[
1 +
c˜n,k
cn,k
(
Λn,k
MP
)n]
Oint,n,k. (8)
As both c˜n,k and cn,k are expected to be of order 1, we find that the quantum gravitational
interactions dominate, if Λn,k > MP. Note that cn,k could contain further loop suppression factors
if the corresponding operators are generated perturbatively, but this does not change our analysis,
the important point is that as we are considering nonperturbative quantum gravitational effects,
there are no loop suppression factors in c˜n,k.
Experiments looking for weakly interacting dark matter put bounds on the interaction strength
cn,k/Λ
n
n,k. For some operators with n ≤ 2 these bounds have reached the Planck scale, i.e. cn,kMnP &
Λnn,k. Therefore, since cn,k, c˜n,k = O(1), it is possible to exclude various models without probing
more feeble interactions. In particular, if one operator can be excluded up to the Planck scale for
a certain mass range, quantum gravity will exclude the existence of the scalar or pseudoscalar field
for this mass range. This follows from the fact that quantum gravity will generate all possible, i.e.
allowed by gauge symmetries, operators at the Planck scale.
3 Scalar and Pseudoscalar Dark Matter
In this section we discuss the consequences of the argument from the previous section for some
specific scalar and pseudoscalar dark matter models. The most relevant models involving spinless
dark matter are dimension 4 operators. However, it is expected that the Wilson coefficients of
dimension four operators must be exponentially suppressed by a factor e−MP/µ, as such quantum
gravity induced operators should vanish in the limit MP → ∞, i.e., when gravity decouples. Here
µ is a renormalization scale.
The next most relevant operators for a spinless dark matter boson coupling to the standard
model are dimension 5 operators. An example is an operator of the form
O1 =
c1
Λ1
φFµνF
µν , (9)
where φ is the scalar dark matter field, and Fµν is the electromagnetic field tensor. The results
from the Eo¨t-Wash torsion pendulum experiment that searches for fifth forces [32–40] lead to the
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following bound1
c1
Λ1
.M−1P if mφ . 3 · 10−3 eV (10)
and slightly stronger bounds for lower masses. Moreover atomic spectroscopy measurements [41,42]
put even tighter bounds on such an interaction for masses mφ . 10−18 eV, however these bounds
rely on the assumption that the scalar field is the unique component of the dark matter sector.
As argued above, quantum gravity will lead to an additional contribution
O1,QG =
(
c1
Λ1
+
c˜1
MP
)
φFµνF
µν , (11)
with c˜1 ∼ O(1) as argued before. Therefore the current bounds exclude this interaction for all
masses mφ ≤ 3 × 10−3eV. The resulting bounds on this interaction are summarized in figure 1,
which can be compared2 to figure 31.1 in ref. [43].
Moreover, since quantum gravity generates interactions between all the particles of the standard
model and the scalar field. Any scalar field with a mass below 3 × 10−3eV would generate a
Planck scale gravitational operator, which has not been detected by the Eo¨t-Wash experiment.
Therefore the derived bound does not exclusively apply to models containing the non-gravitationally
induced interaction (9). In fact, any dark matter model containing scalar dark matter fields of
masses mφ . 3 × 10−3 eV is excluded. A similar analysis can be done for a pseudoscalar field a.
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Figure 1: Limits on the linear scalar interaction gφ = c1/Λ1 as a function of the mass of the scalar
mφ. Green: limits from light shining through a wall experiments [44,45]. Blue: limits from torsion
experiments [32–40]. Red: limits from atomic spectroscopy experiments [41–43]. Purple: limits
from galaxy formation, quasar lensing and stellar streams [46–51]. Black: limits from quantum
gravity as discussed in this paper. Dashed black line: reduced Planck scale.
The interaction between an axion-like-particle a and gluons will receive a quantum gravitational
1Bounds in the Eo¨t-Wash experiments are usually presented in terms of the coupling strength α and the length
scale of the Yukawa interaction λ. Such bounds can be translated into a mass-bound using the fact that α = O(1)
as discussed before and by noticing that mφc
2 = ~c
λ
.
2Note that there is a factor 4 difference: gφ =
gsγ
4
, where gφ is the dimensionful coupling in this paper, and g
s
γ is
the dimensionful coupling in ref. [43].
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correction
O2,QG =
(
c2
Λ2
+
c˜2
MP
)
aGµνG˜
µν , (12)
where c˜2 ∼ O(1) and Gµν is the usual gluonic field strength and G˜µν its dual. Magnetometry
measurements [23] constrain the strength of this interaction by
c2
Λ2
+
c˜2
MP
.M−1P if ma . 5 · 10−21 eV. (13)
Therefore, any dark matter model containing scalar axion-like fields of masses ma . 10−21 eV
is excluded. The result for this particular interaction are summarized in figure 2, which can be
compared to figure 4 in ref. [23] and figure 31.5 in ref. [43]. Note that this bound assumes that all
of dark matter is described by the axion-like-particle a. It is possible to relax this bound if dark
matter has multiple components.
On the other hand, for interactions of the form
O3,QG =
(
c3
Λ3
+
c˜3
MP
)
aFµν F˜
µν , (14)
with c˜3 ∼ O(1), the bounds are much weaker3. Therefore, there is still a large parameter space to
explore. However, the bound (13) excludes axion like particles with masses below 10−21 eV, because
of the universality of gravity: one cannot have the interaction aFµν F˜
µν without the interaction
aGµνG˜
µν .
Furthermore, there is no reason why parity symmetry would be preserved by quantum gravita-
tional interactions, see e.g. [61,62]. Indeed, it is not a gauge interaction. In this case, the operators
O4 =
c˜4
MP
aGµνG
µν , (15)
and
O5 =
c˜5
MP
aFµνF
µν , (16)
which are parity violating will be generated. As before we expect c˜4 ∼ O(1) and c˜5 ∼ O(1). These
operators lead to a Yukawa-type interaction and thus to a fifth force. Therefore, if quantum gravity
violates parity, axion-like-particle with masses ma . 3× 10−3 eV are excluded. As shown in figure
3, this reduces the parameter space for axion models massively.
Another possible interaction of a spinless dark matter boson coupling to the standard model is
a dimension 6 interaction of the form
O6,QG =
(
c6
Λ26
+
c˜6
M2P
)
φ2 FµνF
µν , (17)
which does not distinguish between scalars and pseudoscalars, as parity is automatically conserved.
Again we have c˜6 ∼ O(1). Atomic spectroscopy measurements [18, 22] constrain the strength of
this interaction by
c6
Λ26
+
c˜6
M2P
.M−2P if mφ . 2 · 10−22 eV. (18)
3cf. Figure 31.4 in ref. [43].
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Figure 2: Parity conserving quantum gravity. Limits on the linear axion interaction ga = c3/Λ3 as
a function of the mass of the axion ma. Green: limits from supernovae measurements [52]. Blue:
limits from the big bang nucleosynthesis [18, 53–56]. Red: limits from magnetometry experiments
[23, 43]. Purple: limits from galaxy formation, quasar lensing and stellar streams [46–51]. Orange:
limits from the superradiance instability of black holes [57], however note that these bounds can be
avoided, if the self-interaction of the axion-like particle is sufficiently strong [58]. Brown: predicted
value of the QCD axion [59,60]. Black: axion masses below ma . 10−21 eV are excluded by parity
conserving quantum gravity as discussed in this paper. Dashed black line: reduced Planck scale.
Therefore, any dark matter model containing scalar dark matter fields of massesmφ . 10−22 eV that
couple to the standard model in this way are excluded. Note that bounds from galaxy formation,
quasar lensing and stellar streams are slightly more stringent and lead to mφ . 10−21 eV but
they have a larger uncertainty. Quantum gravity will however also generate operators of the type
M−1P φFµνF
µν and M−1P φFµν F˜
µν even if these operators are not introduced in the interaction
Lagrangian and we can thus rule out masses below 3× 10−3 eV. In the case of axions, this bound
applies if parity is violated by quantum gravity which we argued is to be expected. The results are
summarized in figure 4, which can be compared to figure 31.6 in ref. [43].
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Figure 3: Parity violating quantum gravity. Limits on the linear axion interaction ga = c3/Λ3 as
a function of the mass of the axion ma. Green: limits from supernovae measurements [52]. Blue:
limits from the big bang nucleosynthesis [18, 53–56]. Red: limits from magnetometry experiments
[23, 43]. Purple: limits from galaxy formation, quasar lensing and stellar streams [46–51]. Orange:
limits from the superradiance instability of black holes [57], however note that these bounds can be
avoided, if the self-interaction of the axion-like particle is sufficiently strong [58]. Brown: predicted
value of the QCD axion [59, 60]. Black: axion masses below ma . 3 × 10−3 eV are excluded by
parity violating quantum gravity as discussed in this paper. Dashed black line: reduced Planck
scale.
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Figure 4: Limits on the quadratic scalar interaction gφ2 = c6/Λ6 as a function of the mass of the
scalar mφ. Green: limits from supernovae measurements [63]. Blue: limits from the big bang
nucleosynthesis [18]. Red: limits from atomic spectroscopy [18, 22, 43]. Purple: limits from galaxy
formation, quasar lensing and stellar streams [46–51]. Black: limits from quantum gravity as
discussed in this paper. Dashed black line: reduced Planck scale.
Our results rule out most of the parameter range for ultralight and very weakly coupled singlet
scalar dark matter models. It is worth mentioning that our bound applies as well to the quintessence
type models which are often advocated to generate a cosmological time evolution of fundamental
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constant. A change of the hyperfine constant within the last Hubble time, implies the existence of a
scalar field with a very light mass of the order of the present Hubble scale H = 10−33 eV [64]. This
is ruled out because of quantum gravity. If a time variation of the hyperfine constant is observed,
we can safely conclude that it is not due to such a scalar field or dark matter.
Also, it had already been pointed out that the axion is not a valid solution to the strong CP
problem of quantum chromodynamics because quantum gravitational effects would destabilize its
potential [61, 62], our results imply that the quantum chromodynamics axion is ruled out for most
of its parameter range because of quantum gravity if parity is, as expected, violated by quantum
gravitational effects.
Obviously there is a well known mechanism to avoid the bound from the Eo¨t-Wash experiment
namely the screening mechanism. However, if the masses of light scalar fields were screened by
the matter density on Earth thereby increasing their masses on Earth, they would also be heavy
for atomic clocks and quantum sensor experiments based on Earth and would thus not lead to the
usual signatures mimicking a time variation of fundamental constants. Interestingly, this could be
probed by putting atomic clocks or quantum sensor experiments on a satellite where the screening
mechanism would be inefficient.
While we focussed thus far on scalar and pseudoscalar fields which are singlets under gauge
symmetries, it is possible to avoid some of the bounds from quantum gravity discussed above if we
consider scalar or pseudoscalar fields that are gauged under some new gauge group, as gauge sym-
metries are preserved by quantum gravity. In that case, the only relevant operators are dimension
6 ones of the type
O7,QG =
(
c7
Λ27
+
c˜7
M2P
)
Φ · ΦFµνFµν , (19)
where Φ is a scalar or pseudoscalar field gauged under some new gauge group of the dark matter
sector and Φ · Φ is a scalar under that gauge symmetry. We find
c7
Λ27
+
c˜7
M2P
.M−2P if mΦ . 2 · 10−22 eV. (20)
in which case we can only exclude masses mΦ . 10−22 eV for scalar and pseudoscalar fields (or mΦ .
10−21 eV if we use the bound from galaxy formation, quasar lensing and stellar streams [46–51]).
If atomic clocks or quantum sensor experiments were to discover such scalar or pseudoscalar fields,
they would not only have discovered dark matter but also proven the existence of a new gauge force
in the dark matter sector. The results are summarized in figure 5. For quintessence fields, the effect
would be of order (∆φ/MP)
2 and thus more suppressed than usually assumed.
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Figure 5: Limits on the quadratic gauged scalar interaction gΦ2 = c7/Λ7 as a function of the mass
of the scalar mΦ. Green: limits from supernovae measurements [63]. Blue: limits from the big
bang nucleosynthesis [18]. Red: limits from atomic spectroscopy [18, 22, 43]. Purple: limits from
galaxy formation, quasar lensing and stellar streams [46–51]. Black: limits from quantum gravity
as discussed in this paper. Dashed black line: reduced Planck scale.
Let us finally emphasize that the bounds on quantum gravity shown in figures 1, 2, 3, 4 and 5
carry a small theoretical uncertainty, as the Wilson coefficients are not exactly known. We argued
that we know the scale of quantum gravity and that it can be calculated given the number of
fields introduced in the model. While the scale of quantum gravity incorporates any suppression
for the operators generated by quantum gravity, it is conceivable that the Wilson coefficients could
take values between 10−1 and 10. Smaller than unity Wilson coefficients could still decrease the
bounds by about a factor of 10, which would bring the bound from g = 4 × 10−19GeV−1 to
g = 4×10−20GeV−1 in figures 1, 2 and 3, and from g = 2×10−37GeV−1 to g = 2×10−39GeV−1 in
figure 4. If the Wilson coefficients were order 10−1, we could only exclude masses below 1×10−4eV.
Moreover, the bounds derived from spectroscopy experiments (red lines) and from models of
galaxy formation, are based on the assumption that the scalar field accounts for the total observed
local dark matter density ρ = 0.4GeV/cm3. Multicomponent dark matter models would loosen the
bounds shown in figures 1, 2, 3 and 4.
4 Conclusions
In this paper we have considered models of dark matter with ultra-light scalar or pseudoscalar
fields which have received a lot of attention as they could be discovered with tabletop experiments
looking for dark matter using modern quantum sensors or atomic clocks. These particles are usually
assumed to be extremely light and very weakly coupled to the particles of the standard model.
We have argued that quantum gravity will induce interactions between scalar or pseudoscalar
dark matter particles and those of the standard model. These quantum gravitational interactions
often dominate over the strength of the interaction posited in these models. We have shown that
these quantum gravitational interactions are of the fifth force type for scalar dark matter and
also for pseudoscalar dark matter if quantum gravity violates parity symmetry. Such interactions
are constrained by torsion pendulum experiments such as the Eo¨t-Wash experiment. Scalar dark
9
matter must be heavier than 3 × 10−3 eV and the same bound applies to pseudoscalar particles
assuming that quantum gravity violates parity symmetry. If quantum gravity does not violate
parity, pseudoscalar particles are only constrained to have masses larger than 10−21 eV. We stress
that these bounds are universal and applicable to any scalar dark matter models including for
example models for fuzzy dark matter (see e.g. [7, 65, 66]) which have recently received a lot of
attention.
While singlet scalar or pseudoscalar fields are constrained to be heavier than 3 × 10−3 eV,
gauged fields could be much lighter. They could be as light as mΦ ∼ 10−22 eV and thus very much
relevant to current experiments using atomic clocks or quantum sensors. A positive signal would
not only be potentially the sign of dark matter but also a sign that the dark matter sector is very
rich and contains new forces. Another way to look at our results is that very low energy tabletop
experiments such as atomic clocks and other experiments based on quantum sensors are directly
probing quantum gravitational effects.
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